Non-small cell lung cancer (NSCLC) has a poor prognosis, with substantial mortality rates even among patients diagnosed with early-stage disease. There are few effective measures to block the development or progression of NSCLC. Antiangiogenic drugs represent a new class of agents targeting multiple aspects of tumor progression, including cell proliferation, invasion, migration, and outgrowth of metastatic deposits. We tested the multitargeted angiogenesis inhibitor sunitinib in a novel endogenous mouse model of NSCLC, which expresses a conditional activating mutation in Kras with or without conditional deletion of Lkb1; both alterations are frequent in human NSCLC. We showed that daily treatment with sunitinib reduced tumor size, caused tumor necrosis, blocked tumor progression, and prolonged median survival in both the metastatic (Lkb1/Kras) and nonmetastatic (Kras) mouse models; median survival was not reached in the nonmetastatic model after 1 year. However, the incidence of local and distant metastases was similar in sunitinib-treated and untreated Lkb1/Kras mice, suggesting that prolonged survival with sunitinib in these mice was due to direct effects on primary tumor growth rather than to inhibition of metastatic progression. These collective results suggest that the use of angiogenesis inhibitors in early-stage disease for prevention of tumor development and growth may have major survival benefits in the setting of NSCLC.
Non-small cell lung cancer (NSCLC) represents about 85% of all lung cancer and frequently has a dismal outcome. Even among early-stage patients, relapse rates are significant. The relapse rate among stage I/II patients is 35% to 67% (1) and nearly all patients who relapse, frequently with metastatic disease, go on to die of their lung cancer. Therefore, identifying targets for early interventions designed to prevent tumor development and suppress early tumor progression could favorably affect the survival rates of NSCLC patients.
Cytotoxic therapies in the metastatic setting have made marginal improvements in progression-free or overall survival. A recent meta-analysis showed a 1.5-month increase in median survival over best supportive care alone, with no improvement in benefit since the prior analysis in 1995 (2) . In the adjuvant setting, multiple large-scale trials have shown a reduction in the risk of relapse of only 5% to 9%, showing that these drugs have little effect in preventing local or distant recurrences (3) (4) (5) (6) .
Angiogenesis inhibitors represent a new class of drugs geared to interfere with the genesis of tumor vasculature, with the potential to affect not only primary tumor growth but also invasion through the basement membrane to seed cells into the bloodstream, extravasation into tissues, and outgrowth of metastatic deposits, all of which are critical components of tumor progression, relapse, and death.
Several antiangiogenic agents have been developed and are currently in use in cancer therapy for a wide variety of solid tumors. The most extensively studied is bevacizumab (Avastin, Genentech), an antibody that targets vascular endothelial growth factor (VEGF) and has been shown to prolong survival when combined with chemotherapy in metastatic colorectal and NSCLC (5, 6) .
Newer drugs from this class of agents include multitargeted small-molecule tyrosine kinase inhibitors that block one or more receptors of VEGF. One of the most well-characterized agents is sunitinib (Sutent), a small-molecule tyrosine kinase inhibitor that targets several molecules important for angiogenesis and metastatic progression. Sunitinib has high potency against VEGFR1, VEGFR2, and VEGFR3 and therefore can inhibit other ligands in addition to VEGF, such as placental growth factor, a ligand of VEGFR1, which can rescue vessel growth in the setting of VEGF inhibition (7) . Sunitinib also targets platelet-derived growth factor receptor (PDGFR), which is a critical growth factor for pericytes, which in turn are important for vessel formation (8) (9) (10) . Like bevacizumab, sunitinib has shown antiangiogenic effects in vitro that include inhibition of human umbilical endothelial cell proliferation, migration, and capillary tube formation (11) as well as antiangiogenic effects in vivo, such as decreased microvessel density and direct inhibition of xenograft growth of some human tumor cell lines (12) .
Sunitinib has already been shown to be a clinically effective agent for metastatic renal cell carcinoma and metastatic gastrointestinal stromal tumors, where it has already been Food and Drug Administration approved for clinical use (reviewed in refs. 13, 14) . In NSCLC, activity has been shown recently in a phase II trial of previously treated patients with progressive disease (15) . In this study, the overall disease control rate was 38.7%, of which 28.6% represented stable disease. However, there was no effect on time to progression or overall survival.
Given the multitude of antiangiogenic activities of sunitinib, these somewhat disappointing trial results, which are typical of many antiangiogenic agents in lung cancer, may speak to our limited understanding of the appropriate setting in which these agents can be effective. Most trials of sunitinib and other antiangiogenic agents have been conducted in the metastatic setting, where even the greatest overall effect on survival has been small despite the multiple potential antitumor activities of these drugs.
Although adjuvant clinical trials using these agents are under way in earlier stages of tumor progression, the length of time required for these trials is long and the ability to measure direct target effects is limited. Traditional mouse models using xenografts of human tumors or orthotopic models involving implantation or preseeding of tumor cells into the bloodstream are also limited in their ability to fully evaluate the effects of antiangiogenic drugs as they do not fully recapitulate all of the steps of cancer progression from abnormal growth to primary tumor development to distant metastases.
Our laboratory has developed several de novo mouse models of lung cancer tumor progression that recapitulate the whole spectrum of tumor progression-from dysplasia to tumor development (16) (17) (18) (19) (20) (21) . More recently, we have developed a mouse model of metastatic lung cancer driven by conditionally activated oncogenic Kras and concurrent tumor suppressor Lkb1 loss that has a >60% penetrance of regional and distant metastasis (18) . This model, along with similarly derived models that do not metastasize, like that driven by activated oncogenic Kras alone (16, 22) , provides an ideal setting to fully evaluate the potential of antiangiogenic drugs to inhibit each step of tumor progression and metastatic development and enable rational clinical trial design to take full advantage of defined anticancer activities. In the studies described here, we examined the effect of sunitinib on tumor development, growth, and progression and on survival in endogenous mouse models of nonmetastatic and metastatic NSCLC.
Materials and Methods

Mouse treatment and tumor processing
All mice were housed and treated in accordance with protocols approved by the institutional care and use committees for animal research at the Dana-Farber Cancer Institute. Transgenic mice expressing conditional mutations in Kras were initially generously provided by T. Jacks and Kras mice with homozygous deletion of Lkb1 were generated as previously described (18) . Mice were treated with 5 × 10 6 plaque-forming units of adeno-Cre (purchased from University of Iowa adenoviral core) intranasally at 4 wk of age for Kras/Lkb1 L/L mice and at 6 wk of age for Kras mice. Sunitinib was purchased in capsular form commercially. For assessment of short-term effects on intracellular signaling, Kras/Lkb1 L/L mice were treated a single dose of sunitinib at 40 mg/kg by oral gavage at 7 wk following adenoCre treatment, a time when multiple primary lung tumors are readily visible (18) . Mice were sacrificed at time 0, 8, 12, or 24 h following this dose (two mice per time point). For long-term treatment trials, mice (both male and female) were randomized to treatment with either vehicle or sunitinib at 40 mg/kg given by daily oral gavage beginning at 4 wk (for Kras/Lkb1 L/L mice) or at 16 wk (for Kras-alone mice) following adeno-Cre treatment. "Early sunitinib" mice are Kras/Lkb1 L/L mice treated beginning at 2 wk following adeno-Cre treatment. Mice were sacrificed at the indicated time points or when they became visibly ill. One lung was snap frozen, whereas the other was fixed in 10% formalin. Visual inspection for metastases was done at the time of sacrifice and organs with evidence of metastasis were analyzed and sampled for microscopic examination.
Histology and immunohistochemistry
Paraffin embedding and sectioning at 5 μm was done by the Core Rodent Histopathology facility at Dana-Farber/Brigham and Women's Hospital. Sections were stained with H&E or with antibodies against VEGFR2 (Cell Signaling) at 1:200 dilution in EDTA buffer with pressure cooker antigen retrieval, CD31 (BD Biosciences) at 1:40 dilution after 10 min of proteinase digestion for antigen retrieval, or with Ki67 (Vector Laboratories) at 1:2,500 in citrate buffer with pressure cooker antigen retrieval.
Cell lines and proliferation assays
KW-634 and KW-857 are tumor-derived cell lines from Kras/Lkb1 L/L mice and KW-807 and KW-814 are tumor-derived cell lines from Kras mice; both of these also contained mutations in p53. All human NSCLC cells tested in proliferation assays were obtained from the American Type Culture Collection. H157 cells were a gift from P. Janne. Cells were grown in RPMI 1640 supplemented with 10% fetal bovine serum at a density of 5,000 per well on 96-well plates, cultured in the presence of drugs or vehicle for 72 h, and subjected to the CCK-8 colorimetric assay (Dojindo Molecular Technologies) in duplicate samples according to the manufacturer's specifications.
Immunoblotting
Cells were grown in RPMI 1640 and treated with sunitinib or vehicle (DMSO) for 12 to 24 h ± recombinant VEGFA stimulation during the last 30 min of treatment. Whole-cell lysates were prepared in radioimmunoprecipitation assay buffer supplemented with protease and phosphatase inhibitor cocktails (Calbiochem). Protein concentrations were determined using a Coomassie protein assay kit (Pierce) or by quantitating β-actin with densitometric analysis using ImageJ software (NIH; refs. 23, 24) . Equivalent amounts (30 or 60 μg) were subjected to SDS-PAGE on 4% to 12% gels (Invitrogen). Antibodies used for Western blotting were from Cell Signaling and include phospho-VEGFR2 (Tyr 951 ), VEGFR2 (55B11), phospho-AKT (Ser 473 ), phosphop44/42 mitogen-activated protein kinase (MAPK), PDGFRβ (28E1), and β-actin.
Statistical analysis
Comparison of overall survival rates was done using a log-rank analysis and Kaplan-Meier survival curves were generated using GraphPad Prism 5 software. P values were calculated using a Mantel-Cox two-tailed test for significance.
Results
To determine whether sunitinib could directly affect the growth of and signaling within tumor cells, the effect of sunitinib treatment on the growth of tumor-derived cell lines from tumors isolated from Kras/Lkb1 or Kras-alone conditional mutant mice was examined (Fig. 1A) . Established human cell lines, A549 and H2126 (both LKB1-deficient cell lines), were also tested for comparison. None of these lines showed any significant inhibition of cell proliferation by sunitinib and IC 50 for growth inhibition was well over 1 μmol/L. This contrasts with the IC 50 of paclitaxel, which showed an IC 50 of 30 to 50 nmol/L in the same lines (Fig. 1B) . Evaluation of 102 additional established human NSCLC cell lines for sunitinib sensitivity (listed in Supplementary Table S1) showed only one NSCLC cell line to have an IC 50 of <1 μmol/L. To evaluate whether sunitinib treatment affected intracellular signaling pathways regulating proliferation, immunoblotting of phosphorylated AKT or MAPK was done in these same tumor-derived cell lines and no changes were seen with or without treatment (Fig. 1C) .
In addition to evaluating tumor-derived cell lines for phosphoprotein changes, Kras/Lkb1 mice with established lung tumors were treated with sunitinib for short intervals to assess immediate effects on cell signaling. These mice were treated at 7 weeks following adeno-Cre treatment, a time when multiple primary lung tumors are readily visible (18) . Figure 1C (right) shows no change in phosphorylation of AKT or of MAPK in whole lung lysate harvested after short-interval treatment of mice with sunitinib, further suggesting that sunitinib has no direct effect on commonly altered pathways in tumor cell L/L mice treated with a single dose of sunitinib at 7 wk after treatment with adeno-Cre (a time point at which mice have well-developed lung tumors). Mice were sacrificed at indicated time points after administration of sunitinib. D, whole lung lysates harvested as in C were probed for phosphorylated VEGFR2 (pVEGFR2), total VEGFR2, or β-actin. E, Kras or Kras/Lkb1 L/L cell lines probed for total VEGFR2 or PDGFRβ. VEGFR2 panels represent a prolonged (>10 min) exposure. H157 is a human lung cancer cell line previously described to express PDGFRβ used as a positive control.
growth. VEGF secretion by tumor cells has been postulated to exert a paracrine effect on adjacent endothelial cells to promote tumor angiogenesis (25) ; however, no differences were found in VEGF secretion by tumor cells treated with sunitinib or in serum from untreated or treated mice harboring Kras/ Lkb1-driven lung cancers (data not shown). Notably, although inhibition of phosphorylation of VEGFR2 was seen in tumorcontaining lung lysate after 24 hours of sunitinib treatment (Fig. 1D) , only two cell lines derived from these tumors expressed minimal amounts of VEGFR2 (Fig. 1E ) and no PDGFRβ. No effect with sunitinib treatment in these cell lines was observed on VEGFR2 phosphorylation (data not shown).
Together, these data imply that, in this model, sunitinib targeting may be primarily directed at stromal or endothelial cells within tumors rather than cancer cells themselves.
This absence of direct growth inhibition of tumor cells by sunitinib is consistent with the model of sunitinib action on tumor endothelium, bone marrow-derived endothelial progenitors, and potentially other cells involved in tumor angiogenesis. To examine global effects on tumor progression, longitudinal treatment trials were conducted in these mouse models of lung cancer development to evaluate effects on tumor progression, development of metastases, and overall survival (Table 1) . NOTE: Survival times refer to weeks after activation of oncogenic mutations by adeno-Cre. The first three columns in the top table refer to mice treated beginning at 4 wk after adeno-Cre activation of oncogenic mutations, a time when visible tumors are present. Early sunitinib mice in the second three columns were treated beginning at 2 wk after adeno-Cre activation before visible tumor development. P values are calculated from log-rank analysis using a Mantel-Cox two-tailed test. Confidence intervals are shown in parentheses after hazard ratios. 
As previously shown (18), both Kras and Kras/Lkb1
L/L mice developed multiple poorly differentiated carcinomas within the lung ( Fig. 2A and C) . Histologic examination of tumors from both mouse models showed clear treatment effects of sunitinib within lung tumors, with dying cells visible in even small tumors from Kras/Lkb1 L/L mice (Fig. 2B ) and central necrosis of larger tumors seen in Kras mice (Fig. 2D) .
Kras mice, which develop only primary lung tumors, develop a mixture of adenomas and adenocarcinomas 16 weeks after adeno-Cre activation of oncogenic Kras and die within 24 to 26 weeks following activation (22) . We used this model to examine the effects of sunitinib on primary tumor growth. Sixteen weeks after adeno-Cre administration, mice were randomized to receive either placebo treatment or sunitinib at 40 mg/kg by daily oral gavage. Strikingly, at every time point examined, sunitinib-treated mice showed fewer and smaller tumors (Fig. 3) . Control mice had multiple visible primary tumors at 18 weeks after adeno-Cre activation of oncogenic Kras (Fig. 3A) that became larger and more invasive appearing by 27 weeks (Fig. 3B) , in contrast to sunitinib-treated mice that had unremarkable normal lungs at 18 weeks (Fig. 3C ) and developed only small tumor foci at 27 weeks (Fig. 3D) . Several sunitinib-treated mice were censored at 52 weeks with only small tumor nodules and no evidence of symptoms (Fig. 3E) . Overall survival was dramatically prolonged in sunitinib-treated mice compared with control mice (median survival not reached versus median survival of 26 weeks; P = 0.0003; Fig. 3F ).
Because the described antiangiogenic activities of sunitinib would suggest both effects on primary tumor necrosis as well as on the development of metastases, effects on tumor progression were also examined in Kras/Lkb1 L/L mice. These mice develop tumors generally within 4 weeks of activation of conditional mutations and die within 8 to 10 weeks, with local and distant metastases (18) . Kras/Lkb1 L/L mice were treated with sunitinib or vehicle starting at either 2 or 4 weeks following adeno-Cre activation of conditional mutations to address whether (a) sunitinib could inhibit the progression of disease in the setting of established primary tumors (4 weeks) and (b) early treatment with sunitinib in the course of tumor progression (2 weeks) could block the development of metastases by chemoprevention. Mice treated with sunitinib showed a similar delay in growth and progression of primary lung tumors as Kras mice. Figure 4 shows the progression of small tumor foci seen at 5 weeks after activation of oncogenic mutations (Fig. 4A ) to large, invasive-appearing tumors by 9 weeks (Fig. 4C) . However, sunitinib-treated Kras/Lkb1 L/L mice, like sunitinib-treated Kras mice, showed fewer and smaller tumors at each stage of tumor development (Fig. 4C and D) . Mice treated earlier in the course of tumor progression also showed smaller tumor foci (Fig. 4E) but did not have a greater delay in tumor progression than mice treated later in the course of tumor development. Both sets of sunitinib-treated mice showed a statistically significant prolongation in overall survival ( Fig.  4F and G) compared with untreated mice, although the duration of benefit was less than that in Kras mice.
Discussion
Sunitinib and other antiangiogenic inhibitors are tantalizing antimetastatic agents because of previously identified in vitro inhibition of endothelial cell proliferation, migration and invasion, and neoangiogenesis. Several recent studies have shown that some lung cancer tissue specimens as well as cell lines express the same VEGF receptors that are expressed on endothelial cells, suggesting that direct blockade of cancer cell growth may be another mechanism of action of angiogenic inhibitors targeting these receptors (26) (27) (28) (29) . A recent study of global protein phosphorylation in lung cancer also showed a small Fig. 3 . A and C, mice treated with vehicle only. B and D, mice treated with sunitinib starting at 16 wk after adeno-Cre activation of mutations. Mice in A and C were sacrificed for histologic examination at 18 wk. E, a sunitinib-treated mouse censored at 52 wk (inset is ×8 magnification). F, Kaplan-Meier survival curve of mice treated with sunitinib or placebo. n indicates the number of mice in each group used for analysis.
proportion of lung tumors (2%) to have phosphorylated (activated) PDGFRα in tumor cells compared with surrounding normal lung tissue (30) , suggesting a role for activated PDGFRα in tumor cell growth and a possible mechanism for direct inhibition of tumor cell growth by sunitinib.
Using a novel mouse model of endogenous lung cancer development, we showed that tumor cells from these mouse models do not express sunitinib targets at significant levels and no change in activation of VEGFR-mediated downstream signaling or in overall proliferation was seen, implying that there is little, if any, direct effect of sunitinib on tumor cells. Indeed, of 103 human NSCLC lines evaluated, only 1 (<1%) showed any inhibition of cell proliferation by sunitinib, H1703. This line notably contains a focal amplification of the sunitinib target, PDGFRα (data not shown). These data contrast with findings in cell lines or tissues derived from renal cell carcinoma (which express VEGFR proteins) or GIST (which express c-kit and/or PDGFR), where sunitinib efficacy that includes single-agent responses can be attributed to direct effects on tumor cells (reviewed in ref. 13 ). Instead, our findings are consistent with an indirect role for sunitinib on angiogenic remodeling of the tumor microenvironment that facilitates tumor growth and consistent with the stabilization of disease seen in a clinical trial in patients with NSCLC (15) .
Decreases in phosphorylation of VEGFR2 in tumor tissue were seen, which presumably reflects effects on surrounding tumor cells or endothelial cells. However, when changes in VEGFR2, microvessel density, or apoptotic rates within tumors were examined by immunohistochemistry, no differences between treated and untreated mice were seen (data not shown). This likely reflects the unique setting in which lung tumors develop-because they develop within a highly vascularized lung parenchyma, they likely rely primarily on existing vasculature as opposed to neovascularization for initial tumor growth; significant numbers of microvessels reflecting neovascularization were not observed, even in untreated tumors. On a gross level, however, sunitinib-treated mouse tumors displayed histologically the findings typical of tumor imaging of lung cancer patients on sunitinib-specifically, that treatment results in central tumor necrosis within larger tumor foci, which are presumably the most dependent on neoangiogenesis to overcome hypoxic conditions. These results are in concordance with computed tomography observations of decreased density within lesions and dynamic contrast-enhanced magnetic resonance imaging observations of reduced blood flow to lesions in clinical trials of this agent (13) .
Both the nonmetastatic (Kras) and metastatic (Kras/Lkb1 L/L ) mouse models displayed a striking decrease in the number and volume of lung tumors, implying that the major benefit of sunitinib is through preventing tumor development and blockade of primary tumor growth, perhaps through surrounding bone marrow-derived and stromal cells expressing sunitinib targets, and not via inhibition of metastatic growth. The survival differences between the two mouse models underscore this idea-in a nonmetastatic model where large, primary tumors develop in control mice, there was a more dramatic difference in tumor size and median survival time was not reached. In the metastatic model where survival time seems to be limited by rapid spread of tumor lesions that do not necessarily reach large sizes, median survival is modestly prolonged from 9.1 to 11.7 weeks.
Interestingly, blockade of metastatic development in sunitinib-treated Kras/Lkb1 L/L mice was not seen-these mice showed an overall similar incidence of metastases with a higher number of metastases per mouse identified in the sunitinibtreated group (data not shown). Increased survival time in the treated mice may have actually allowed for an increase in the number of macroscopic metastases. Alternatively, some studies have actually suggested that blockade of angiogenesis leads to increased invasive behavior of tumors (31, 32) .
Mice treated with sunitinib early in the process of tumor development (2 weeks) did not fare better in overall survival compared with mice that started treatment at 4 weeks and even had a slightly reduced median survival (10.7 weeks), although this was not statistically significant. These mice also developed metastases at the same rate as mice that initiated treatment later, consistent with a possibly more "invasive" behavior of sunitinib-treated tumors even when the overall tumor burden is smaller and delayed compared with control mice (Fig. 4) . Further studies are required to define the mechanism of sunitinib effects on primary tumor growth versus metastatic spread and to define precise molecular targets of sunitinib action in these models. However, these studies suggest caution in moving forward with adjuvant or maintenance trials with antiangiogenesis inhibitors as a method of blocking metastatic progression. Rather, they suggest that the benefit from angiogenesis inhibitors seen in combination with chemotherapy may be more related to direct synergy with cytotoxic therapies to block primary tumor growth rather than additional effects on preventing the seeding of metastases.
The striking improvement in survival in Kras mice underscores the importance of sunitinib action on tumor development and early growth in the absence of metastatic disease. A recent neoadjuvant trial in stage I and II NSCLC using pazopanib, a receptor tyrosine kinase inhibitor with a similar array of targets as sunitinib, for 2 to 6 weeks before resection showed a reduction in tumor volume in 85.7% of evaluated tumors, a notable departure from the relatively static effects of these agents in the metastatic setting (33) . Although these early tumor reductions also did not meet Response Evaluation Criteria in Solid Tumors criteria for partial response and would be technically classified as stable disease, given their small initial size, tumor volume is arguably a more precise measure of effect.
The potential benefit of sunitinib or other similar agents in the setting of early tumor development is particularly important for patients with Kras mutations. Kras mutations are present in 15% to 30% of NSCLC patients and some studies have suggested an association with a history of smoking (18, 34, 35) . The presence of Kras mutation has been suggested as a negative predictive factor of benefit from erlotinib or erlotinib in combination with chemotherapy in patients with metastatic disease (35) (36) (37) (38) . In addition, in a trial of adjuvant therapy where mutation status was prospectively evaluated, patients with ras mutations showed no benefit to adjuvant therapy, although a secondary evaluation for interaction of ras mutations and benefit was not significant (4) . The dramatic survival benefit of sunitinib seen in Kras mice supports further evaluation of sunitinib or similar agents in adjuvant and neoadjuvant settings for patients with Kras mutations. Studies are ongoing to determine whether the survival benefit of sunitinib is recapitulated in other genetically engineered mouse models of lung cancer development as well. If so, this may point the way toward studies of prevention of tumor development in high-risk populations as well.
Together, the studies described here show a role for sunitinib in suppressing early tumor progression; suppression of the development and progression of metastases was not shown. The histologic changes suggest an early effect at the level of atypical adenomatous hyperplasia, adenomas, and early adenocarcinomas. The mouse trials accurately recapitulate the human experience with sunitinib in NSCLC and provide a direct example of how interventions in endogenous mouse models of neoplastic progression can help guide the design of rational, more efficacious clinical trials. These studies highlight the importance of targeting the tumor microenvironment (e.g., the tumor-stromal interaction) and provide a strong rationale for targeting tumor development and the progression of early primary tumors for NSCLC treatment. Based on these study results, use of angiogenesis inhibitors in preinvasive disease or early-stage lung cancer rather than in recurrent or progressive disease has the potential for a major effect on the rates of survival and cure of this disease.
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